INTRODUCTION

53
Lyme disease, which is caused by Borrelia burgdorferi (B. burgdorferi) sensu lato complex 54 species, is the most common vector-borne disease in the United States with an estimated 55 and inflammation, co-infections (7), as well as persistent infection due to B. burgdorferi persisters that are not killed by the current antibiotics used to treat Lyme disease (8-10).
300,000 cases a year (1). The infection is transmitted to humans by tick vectors that feed
69
Various studies have found evidence of B. burgdorferi persistence in dogs (11), mice (8, 9), 70 monkeys (10), as well as humans (12) after antibiotic treatment, however, viable organisms 71 are very difficult to be cultured from the host after antibiotic treatment.
73
In log phase cultures (3-5 day old), B. burgdorferi is primarily in motile spirochetal form 74 which is highly susceptible to current Lyme antibiotics doxycycline and amoxicillin, 75 however, in stationary phase cultures (7-15 day old), increased numbers of atypical variant 76 forms such as round bodies and aggregated biofilm-like microcolonies develop (13, 14) .
77
These atypical forms have increased tolerance to doxycycline and amoxicillin when 78 compared to the growing spirochetal forms (13) (14) (15) (16) Figure 1B ).
121
However, bandit thieves oil, while having good activity at 1%, had significantly less activity 122 at 0.5% and lower concentrations ( Figure 1D ).
129
To further compare the activity of these active essential oils and find whether they could showed better activity than the cinnamon bark at 0.05% concentration (Table 2) (Figures 2 and 3 ). In addition, we noted that oregano essential oil can dramatically reduce the 192 size of aggregated biofilm-like microcolonies compared to the antibiotic controls (Figure 1 ).
193
After treatment with 0.25% oregano essential oil, only some dispersed tiny red aggregated We also noted that some essential oils such as oregano and cinnamon bark had relatively high Meanwhile, we found that at a high concentration (above 1%) lemongrass or oregano 219 essential oil showed apparent high residual viability percentage by the SYBR Green I/PI plate 220 assay, compared with the microscopy counting data (Table 1, Figure 1A ). This may be caused 221 by strong autofluorescence of these essential oils that severely interfere with the SYBR Green 222 I/PI assay. We studied the emission spectral of lemongrass essential oil using Synergy H1 223 multi-mode reader and found lemongrass essential oil emits the strongest autofluorescence.
224
The peak fluorescence of lemongrass essential oil is at 520 nm that overlaps with the green 225 fluorescence of SYBR Green I dye (peak is at 535 nm). The strong autofluorescence caused 226 the abnormal residual viability percentage (above 100% in Table 1 ) using SYBR Green I/PI 227 plate assay. We also found oregano essential oil emits autofluorescence at 535 nm, which 228 pushed the green/red fluorescence ratio higher than their true values (Table 1) . However, we 229 were able to solve this problem by using fluorescence microscopy as a more reliable measure 230 to confirm the results of SYBR Green I/PI plate reader assay (13, 21). 
255
Identification of active components or active component combinations from essential oils 256 may help to eliminate the quality difference of natural products. However, we were able to 257 identify carvacrol as the most active ingredient in oregano essential oil, and its 258 pharmacokinetics has been studied as a feed addition in pigs (25) and topical oil in cattle 259 (26). In the rat model, the calculated LD50 of carvacrol is 471.2 mg/kg (27). We noticed that 260 the 0.05% of carvacrol used here, which is equivalent to 0.48 μg/mL or 3.2 µM and 261 completely eradicated B. burgdorferi stationary phase cells in subculture (Figure 3) , is lower 262 than the peak plasma concentration (3.65 μg/mL) in the swine study (25). These findings 263 favor the application of carvacrol in future treatment studies. Importantly, carvacrol seems to 264 be more active than daptomycin, the most active persister drugs against B. burgdorferi (13, 265 14). In this study, 0.1% carvacrol (6.4 µM) showed much higher activity (2% residual 266 viability) than 5 µM daptomycin (45% residual viability) ( Microscopy. The B. burgdorferi cultures were examined using BZ-X710 All-in-One 314 fluorescence microscope (KEYENCE, Inc.). The SYBR Green I/PI viability assay was 315 performed to assess the bacterial viability using the ratio of green/red fluorescence to 316 determine the live:dead cell ratio, respectively, as described previously (13, 34) . This residual 317 cell viability reading was confirmed by analyzing three representative images of the bacterial 318 culture using epifluorescence microscopy. BZ-X Analyzer and Image Pro-Plus software were 319 used to quantitatively determine the fluorescence intensity. further confirmed with lower 0.1% and 0.05% concentration; all tests were run in triplicate.
328
All the plates were incubated at 33°C and 5% CO 2 without shaking for 7 days when the 329 residual viable cells remaining were measured using the SYBR Green I/PI viability assay and 330 epifluorescence microscopy as described (13, 34) . carvacrol suspension was two-fold diluted from 0.5% (4.88 µg/mL) to 0.008% (0.08 µg/mL).
351
All experiments were run in triplicate. 
